Purpose: Talbot-Lau x-ray interferometry provides information about the scattering and refractive properties of an object -in addition to the object's attenuation features. Until recently, this method was ineligible for imaging human-sized objects as it is challenging to adapt Talbot-Lau interferometers (TLIs) to the relevant x-ray energy ranges. In this work, we present a preclinical Talbot-Lau prototype capable of imaging human-sized objects with proper image quality at clinically acceptable dose levels. Methods: The TLI is designed to match a setup of clinical relevance as closely as possible. The system provides a scan range of 120 9 30 cm 2 by using a scanning beam geometry. Its ultimate load is 100 kg. High aspect ratios and fine grid periods of the gratings ensure a reasonable setup length and clinically relevant image quality. The system is installed in a university hospital and is, therefore, exposed to the external influences of a clinical environment.
I. INTRODUCTION
X-ray dark-field and phase-contrast imaging have the potential to become a powerful tool for nearly all fields of investigative x-ray applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Numerous publications have proved the benefit of retrieving phase and scattering information from biological samples. [12] [13] [14] [15] [16] [17] [18] [19] For example, experiments with mice demonstrated that dark-field images provide information on the different grades of lung diseases which are not accessible by conventional attenuation imaging. [20] [21] [22] [23] [24] Currently, Talbot-Lau x-ray interferometry is one of the favorable dark-field and phase-contrast imaging methods since it can be implemented with conventional x-ray sources and detectors used in medical imaging and has a clinically feasible footprint.
Transferring the method to human-sized objects implies an adapted design for a Talbot-Lau interferometer. The reason for this is that the image acquisition of thick and dense objects using x-rays requires higher x-ray energies than imaging thin and less dense samples. In detail, some technical challenges on the grating manufacturing arise, such as finer grating periods in order to maintain the total length of the system in a reasonable range and to achieve a satisfactory phase sensitivity. Moreover, high aspect ratios of the absorption gratings are crucial for image quality.
With recent advances in grating technologies, Talbot-Lau interferometers have become applicable to the required energy ranges used in conventional radiography. [25] [26] [27] In this publication, we demonstrate a preclinical Talbot-Lau prototype which is capable of imaging biological human-sized objects. Furthermore, we demonstrate that this system achieves clinically relevant image quality at acceptable dose levels. Its diagnostic value is illustrated by an examination of ventilated porcine lungs with an extrinsically provoked pneumothorax.
MATERIALS AND METHODS

2.A. Setup
A schematic illustration and a photograph of the preclinical Talbot-Lau prototype are shown in Fig. 1 .
The system contains a vertical beam geometry from top to bottom with a triaxial motorized patient table. The beam splitter grating G1, the analyzer grating G2, and the flat panel detector are placed below the patient table. G1 is placed as closely as possible to the table surface in order to achieve a high phase sensitivity. 28 From the table top to G0, up to 90 cm of space is available to place a patient, which is comparable to conventional radiographic imaging systems.
In order to maximize the image quality, the bulk material of the patient table was replaced by an acrylic glass plate. The original ROHACELL â material with its carbon fiberreinforced plastic cover plates is convenient for conventional x-ray imaging due to its radiolucent properties but its porous structure reduces the system's visibility and hence decreases image quality. The replaced patient table is capable of holding weights up to 100 kg and provides a total scanning area of 120 9 30 cm 2 . The flat panel detector needs to be placed behind G2, which marks a difference to radiography systems where the detector is mounted in a table tray directly behind the patient. Nevertheless, state-of-the-art detectors are portable (wired or wireless), thus placing the detector just behind G2 does not compromise clinical workflow. We want to point out that all system parts -except the gratings -are designed and built for potential releases as parts of medical products. This fact brings the Talbot-Lau interferometer as closely as possible to a medical system. Further descriptions of the setup components are listed in Table I .
The gratings of the prototype were fabricated by Microworks GmbH (Karlsruhe, Germany) using the LIGA process. 29, 30 The grating size is limited by the manufacturing process. Their diameter is 70 mm, although only the central area is used for imaging in order to avoid artifacts due to planar gratings in a cone beam geometry. Future gratings will be bent according to the cone beam geometry and will have larger sizes.
2.B. Data acquisition
The analyzer grating size determines the system's field of view (FOV). The grating diameter of 70 mm corresponds to a FOV with a diameter of 46 mm at the object plane, due to the system's magnification of 1.5. This equates to a maximum quadratic FOV of 33 9 33 mm 2 . To cover the total scan area of 120 9 30 cm 2 , the object is moved by the patient table motion. A phase-stepping scan is performed for each table position. 2 Thus, the entire object is sampled lineby-line. Using the FOV of 33 9 33 mm 2 , 370 FOV scans are needed to cover the total scan area of 120 9 30 cm 2 . In order to avoid parallax errors and shadowing effects of planar gratings in a cone beam geometry, the FOV was restricted to 20 9 20 mm 2 for all data acquisitions executed for this publication. In this case, 900 FOV scans are needed to cover the entire scan area of 120 9 30 cm 2 . A total of 16 individual phase-steps were acquired for each FOV scan of this work, in which G2 was stepped over one grating period. Exposure time per phase-step image was 50 ms. Time for the G2 stepping and detector readout between the frames was 100 ms, yielding a total scan time for one FOV scan of approximately 2.4 s. The scan time can be reduced to 1.8 s by using 12 phase-steps for a FOV scan or to 0.6 s by using only four phase-steps. The movement time of the table between two neighboring sampling positions is fixed to 2 s.
All experiments presented in this publication were carried out at a tube voltage of 100 kV and 100 mA tube current. The free-field visibility was 19%. For each experiment, one refrence scan was acquired before all the object scans were performed.
2.C. Image reconstruction
Since the prototype is installed at a university hospital, it is exposed to vibrations and external influences, which can easily disturb the measurement process. Already slight inaccuracies during the measurement process result in artifacts in the reconstructed images. 31 For this reason, an algorithm was developed which corrects imprecisions during the phase-stepping process.
The algorithm is based on a Fourier transformation reconstruction method of the phase-stepping data. 2, 5, 32 In addition, cost functions are defined respectively for the attenuation and dark-field images, which are sensitive to the moir e artifacts in each particular image. The algorithm minimizes the cost functions separately for the attenuation and dark-field images by simultaneously adjusting the phase-step positions of the reference and object scan. The cost functions are minimized by using the linear gradient method.
The reconstruction algorithm and further standard image corrections were implemented in Matlab, where processing time was about 5 s per phase-stepping scan.
2.D. Objects of investigation
The prototype can cover a broad range of medical applications. In this paper, we present two applications to outline the capabilities of the system and demonstrate its diagnostic value.
2.D.1. Full-body scan of a euthanized pig
The pig (weight: 35 kg, age: 5 months) was provided by the Department of Veterinary Science of LMU Munich. It was euthanized a few minutes prior to the image acquisition in order to maintain the biological tissue as closely as possible to the in vivo state. The thorax thickness in anterior-posterior direction was 25 cm which corresponds to the human thorax of an average adult person.
2.D.2. Ex vivo porcine lung specimen in a human thorax phantom
In order to illustrate the diagnostic value of the prototype, porcine lungs were mounted into a dedicated lung phantom with a pneumothorax on the upper left pulmonary lobe which was provoked extrinsically.
An artiCHEST lung phantom (PROdesign GmbH, Bruckm€ uhl, Germany) was used for this examination. It facilitates a realistic ex vivo simulation of pulmonary morphology and function. The phantom consists of a double-walled, synthetic shell and an artificial diaphragm separating the lung compartment from the abdominal compartment of the phantom. The synthetic shell and the abdominal compartment can be filled with water to simulate attenuation of the chest wall and upper abdomen. For the experiment, freshly excised porcine lungs (including the heart) were placed in the subsequently hermetically sealed container and connected to room atmosphere via a 7.5 mm tracheal tube through a dedicated outlet. In order to induce a pneumothorax pathology, that is, air between the artificial chest cavity and the lung tissue, the right lung was blocked from ventilation. Via continuous evacuation of the phantom container to a negative pressure of À2 kPa to À3 kPa, the left lung was passively inflated inducing a mediastinal shift of the left lung. This created an air-filled space between the container and the pulmonary parenchyma. 33 To quantitate the contrast between lung tissue and air in the attenuation image and dark-field image, the Michelson contrast K M is used:
S air and S tissue denote the signal strength of air and lung tissue in the respective images.
2.E. Reader study
A reader study was performed to evaluate the prototype's added value for pulmonary diagnosis and the impact of dose reduction on the diagnostic capability. For this purpose, the pulmonary region of the pig was separately reconstructed with effectively reduced dose by reducing the contributing number of phase-step images for the reconstructions. The resulting dark-field and attenuation images with a skin entrance air kerma of 1.2 mGy, 0.6 mGy, and 0.3 mGy were evaluated by three experienced radiologists, whereby a Likert scale was used (see Table II ) to rate the following statements:
1. Regarding the shown case, the combination of attenuation and dark-field images provides an added value for pulmonary diagnosis, compared to diagnosis based on only the attenuation image. 2. Regarding the shown case, providing dark-field images does not have a negative impact on the attenuation image-based pulmonary diagnosis. 3. Regarding the shown case, the dose reduction from 1.2 mGy to 0.3 mGy does not substantially decrease the diagnostic capability of the attenuation and darkfield image combination. Figure 2 depicts the attenuation image (ATI) and darkfield image (DFI) of the full-body scan of the euthanized pig.
RESULTS
3.A. Full-body scan of a euthanized pig
The conventional x-ray image provides the well-known attenuation-based contrast. The dark-field image highlights the fibrous and porous structures as the lungs and the dressing material around the pig's head. Certain regions of the skeleton structures, such as shoulders, hips, and skull, also generate strong dark-field signals.
Eight hundred and twelve FOV scans were performed for the full-body scan. The total scan time was about 60 min. The pig was exposed to a skin entrance air kerma of 1.2 mGy.
3.B. Reader study
The pulmonary region of the pig is depicted in Fig. 3 . The dose was effectively reduced to a skin entrance air kerma of 1.2 mGy, 0.6 mGy, and 0.3 mGy by reducing the contributing number of phase-step images for reconstruction.
The reader study statements 1-3 of Section 2.E were rated by three experienced radiologists based on these ATIs and DFIs. The results are summarized in Table III. 3.C. Ex vivo porcine lung specimen in a human thorax phantom Figure 4 shows the ATI and DFI of the ventilated lung specimen in a human thorax phantom, reconstructed using a skin entrance air kerma of 0.3 mGy. 168 FOV scans were performed to cover the ventilated lungs. The arrows indicate the region where the pneumothorax was provoked.
The region of the pneumothorax is magnified in Fig. 5 . Additionally, line plots crossing the pneumothorax are displayed for the ATI and DFI. The lines in the ATI and DFI indicate the orientation of the line plots. They are depicted at the exact same anatomical position, crossing three times the boundary surface of air and lung tissue of the pneumothorax. These 
Hence, the Michelson contrast of the DFI is eight times higher than the one of the ATI.
DISCUSSION
4.A. Full-body scan of a euthanized pig
The strong dark-field signals of the lungs and dressing material around the pig's skull are caused by small-angle xray scattering of their fibrous, porous, and granular structures. The strong dark-field signals of the hip, shoulders, and skull correspond in their positions with the strong attenuation signals in the conventional x-ray image. Furthermore, these regions of the skeletal structure also correspond to the interfaces of compact bone and spongy bone, which contain trabeculae and therefore porous structures. Hence, the dark-field signals of these regions are presumably generated by smallangle x-ray scattering and beam hardening.
The full-body scan of the pig demonstrates that the preclinical Talbot-Lau prototype is capable of imaging humansized objects. To the best of our knowledge, this publication reports the first full-body x-ray dark-field image of a mammal of this size. Gromann et al. recently published an x-ray darkfield chest radiography of a pig which was similar in size. 34 Their acquisition was restricted to the chest but was executed on a living pig.
The two systems differ in their setup configurations and acquisition processes. Gromann et al. used a slot-scanning approach, whereas the presented Talbot-Lau prototype uses a predecessor of the full-field approach.
The prototype's grating size currently prevents real fullfield acquisitions and provokes long scan times. Large fieldof-view gratings are under development. [35] [36] [37] Hence, this drawback can be overcome in future system updates enabling real full-field imaging, which is the common approach in most clinical x-ray imaging applications.
In particular, we want to point out that the presented fullbody scan of the pig demonstrates that the phase-stepping method is feasible for dark-field imaging of human-sized objects under clinical conditions. In addition, the system's acquisition speed and robustness toward external influences could be even further increased by implementing single-shot dark-field imaging techniques, 38, 39 using motionless phasestepping, 40 or refining the image reconstruction. 41, 42 These future system updates enable a substantial reduction of scan time from several minutes to only seconds, even for human-sized objects. 
4.B. Reader study
The reader study results of statement 1 and 2 (see Table III ) approve that the prototype provides an added value for pulmonary diagnosis without adversely affecting the diagnosis based on only the attenuation image. According to the reader study results of statement 3, the radiologists agree that a dose reduction from 1.2 mGy to 0.3 mGy does not substantially decrease the diagnostic capability of the ATI and DFI, although the image quality deteriorates by using only 4 instead of 16 phase-step images for reconstruction. Consequentlyin this particular case -an acquisition with an air kerma of 0.3 mGy is sufficient for diagnostics which is already in the range of human thoracic imaging. 43, 44 In addition, dark-field image noise can be further decreased by increasing the system's visibility. 45 This can be achieved by changing the grating configurations according to Yashiro et al. 46 and Rieger et al. 47 4.C. Ex vivo porcine lung specimen in a human thorax phantom
The dark-field image shows a substantially higher contrast between air and lung tissue as the attenuation image, which is validated by the eight times higher Michelson contrast of the dark-field image compared to the attenuation image. Accordingly, the dark-field image clearly pronounces the pneumothorax, indicated with arrows in Fig. 4 , whereas the pneumothorax is not conclusively visible in the conventional attenuation image. Hence, the preclinical prototype provides an additional benefit for pneumothorax diagnosis.
CONCLUSION
We demonstrated that a dedicated design of a Talbot-Lau interferometer can be applied to medical imaging by constructing a preclinical Talbot-Lau prototype.
We validated the prototype's capabilities by performing a full-body scan of a euthanized pig. The prototype's image quality satisfies clinical needs in which the dose does not exceed clinically acceptable ranges. The diagnostic potential of the prototype was illustrated by an examination of ventilated porcine lungs with an extrinsically provoked pneumothorax. A reader study confirmed that the prototype's dark-field images provide additional diagnostic value for pulmonary diagnosis without adversely affecting the diagnosis based on only the attenuation image. Moreover, we experienced that the interferometer can be utilized in a clinical environment and the phase-stepping approach is suitable for clinical practice.
We, therefore, conclude that Talbot-Lau x-ray imaging has potential for clinical use and enhances the diagnostic power of medical x-ray imaging.
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